+ 60 V 



4-40.. 


4-41. 


Chapter 4 


A 2N2221, A, transistor is to be operated 
at 75°C. What is its maximum-rated 
power dissipation at that temperature? 

The (3 of a 2N2218, A, transistor is 40 at T 
= 25°C, V C e = 10 V, and I c = 3 mA. What 
typical value for 0 could be expected at 
(a) T = —55°C, I c = 5 mA, and 


2N2222,A 


(b) 


V CE = 10 V? 

T = 175°C, 


4-42, 


4-43, 


4-44., 


I c = 80 mA, and 

V CE = 10 V? 

The (3 of a 2N2219, A, transistor is 140 at 
T = 175°C, V CE = 10 V, and I c = 80 mA 
What typical value for (3 could be 
expected at 

(a) T = 25°C, I c 
V CE = 10 V? 

(b) T = —55°C, I c 
V CE = 10 V? 

What is the manufacturer’s rated maxi¬ 
mum value for the cur rent I in Figur e 4-76 
Assume that T = 25°C 
A certain circuit is designed so that it 
will operate satisfactorily at T = 25°C if 
the transistor has a 3 of at least 50 when 
I c = 10 mA and V CE = 10 V. Can the 


= 3 mA, and 


= 5 mA, and 


FIGURE 4-76 (Exercise 4-43) 

2N2222, A series transistor be used for 
the application? 

SECTION 4-10 

Transistor Curve Tracers 

4-45. Using the curve tracer display of the col¬ 
lector characteristics shown in Figure 
4-52(b), find the approximate f3 of the 
transistor when 

(a) V CE = 7 V and I B = 8 pA, and 

(b) V CE - 8 V and I B = 12 |xA. 

4-46. Using the curve tracer display of the 
diode characteristic shown in Figure 
4-53, find the approximate dc resistance 
of the diode when it is forward biased by 
0 64 V 


Note : In the exercises that follow, assume all 
device parameters have their default values 
unless otherwise specified 
4-47 Use SPICE to obtain a set of output char¬ 
acteristics for an npn tr ansistor in the CE 
configuration The ideal maximum (3 is 
150 and the Early voltage is 180 V The 
characteristics should be plotted for V CE 
ranging from 0 V to 12 V in 0 1 V steps 
and for I B ranging from 0 to 50 jxA in 
10-p.A steps 

4-48.. Use SPICE to determine the bias point 
for the circuit shown in Figure 4-43 
(Example 4—12), Set the ideal maximum 


forward (3(BF) to 120 and then repeat the 
analysis with BF = 240 Comment on the 
effect the change in (3 has on the bias 
point Use a silicon transistor. 

4-49,. Use SPICE to simulate the common- 
emitter circuit shown in Figure 4-3 7(a) 
(Example 4—10), Compare the change in 
the bias point when the temperature is 
changed from 27°C to 0°C 

4-50.. Use SPICE to simulate a BJT inverter 
that is being driven by a 100-Hz TTL 5-V 
clock Let the (3 of the transistor equal 
100, R c = 1 kO, R s = 1 kO Provide a plot 
of the output 
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i OBJECTIVES ,m 

Understand the basic operation of a JFET transistor 

Explore the basic dc bias configurations for the Junction Held Transistor 1 

Understand the modes of operation of the JFET transistor 

Apply the JFET transfer characteristic equation in circuit analysis. 

Use the JFET transistor as an analog switch 

Understand the basic operation of the MOSFET transistor 
Use the JFET transistor in computer simulation 


r T h h rL fi r eld effe , Ct tIansistot ( pET )- lik e the bipolar” junction transistor is~a 
three-terminal semiconductor device, However the FFT nnpmtAc 5 a 11 

pr maples completely different from those of the BJT A field-effect transit 
tor is called a unipolar device because the current through it results from the 

° f i he tW0 kinds 0f cha ^ e carriers: ho£s orelec«o n s tL 
ame field effect is derived from the fact that the current flow is controlled 
by an electric field set up in the device by an externally apphed voltage 

(JEE^ndirrr T S 0f FE ? : the ******* transistor 

and tae me tal-oxide-semrconductor FET (MOSFET) We will studv 

*dLTeTec n omp 0 o m n e en P t raCti d al ° f ^ B ° th « ^riS 

FET isthe 38 COmponents of integrated circuits The MOS-1 

^ LI is the most important component in modern digital integrated circuits 11 
such as microprocessors and computer memories ’ j| 


Figure 5 1 shows a diagram of the structure of a JFET and identifies "the 
inthe r iminalS K C W ^ Ch external electrical connections are made As sho^n 
each side U The a two u mateiial i 138 re § ions of P material embedded in 

n-channe JFET Tr Jn “ tOT ,f in ** «Sure is thereto! called an 
n channel JFET, the type that we will study initially, and a device constr ucted 

rom a p -type bar with embedded n regions is called a p-channel JFET As we 

develop the theory of the JFET, it may be helpful at first to think of the d ata 

emitter 6 and n ^ ng ‘ 0 ** ° f 3 BJT ' the S0UtCe as corresponding to Z 

emrtter, and the gate as corresponding to the base As we shall see the volt 

age applied to the gate controls the flow of current between drain and 

current r 3 ’ aPpBed f ° * he baSe ° f a Bpi controls the flow of 

current between collector and emitter; 



drain (D) 


depletion 
' regions ' 


channel 


source (S) 


FIGURE 5-1 Structure of an 
n-channel JFET 


FIGURE 5-2 Reverse biasing the gate- 
to-source junctions causes the formation 
of depletion regions. V GS is a small reverse¬ 
biasing voltage for the case illustrated, 


When an external voltage is connected between the drain and the 
source of an n-channel JFET, so that the drain is positive with respect to 
the source, current is established by the flow of electrons through the n ma¬ 
terial from the source to the drain (The source is so named because it is re¬ 
garded as the origin of the electrons ) Thus, conventional current flows 
from drain to source and is limited by the resistance of the n material, In 
normal operation, an external voltage is applied between the gate and the 
source so that the pn junctions on each side of the channel are reverse bi¬ 
ased.. Thus, the gate is made negative with respect to the source, as illus¬ 
trated in Figure 5-2 Note in the figure that the reverse bias causes a pair 
of depletion regions to form in the channel The channel is more lightly 
doped than the gate, so the depletion regions penetrate more deeply into 
the n-type channel than into the p material of the gate 

The width of the depletion regions in Figure 5-2 depends on the magni¬ 
tude of the reverse-biasing voltage V GS The figure illustrates the case where 
Fgs is only a few tenths of a volt, so the depletion regions are relatively nar¬ 
row (Fes is also assumed to be relatively small; we will investigate the effect 
of a large V DS presently) As F GS is made more negative, the depletion regions 
expand and the width of the channel decreases., The reduction in channel 
width increases the resistance of the channel and thus decreases the flow of 
current I D from drain to source 

To investigate the effect of increasing V DS on the drain current I D) , let us 
suppose for the moment that the gate is shorted to the source (F GS = 0), As 
Vp S is increased slightly above 0, we find that the current I D increases in 
direct proportion to it, as shown in Figure 5-3(a) This is as we would expect, 
because increasing the voltage across the fixed-resistance channel simply 
causes an Ohm’s law increase in the current through it As we continue to 
increase V DS> we find that noticeable depletion regions begin to form in the 
channel, as illustrated in Figure 5-3(b) Note that the depletion regions are 
broadei near the drain end of the channel (in the vicinity of point A) than 
they are near the source end (point B) This is explained by the fact that cur¬ 
rent flowing through the channel creates a voltage drop along the length of 
the channel Near the top of the channel, the channel voltage is very nearly 
equal to V DS , so there is a large reverse-biasing voltage between the n chan¬ 
nel and the p gate As we proceed down the channel, less voltage is available 
because of the drop that accumulates through the resistive n material 
Consequently, the reverse-biasing potential between channel and gate 
















Chapter 5; 


FIGURE 5-3 Effects of 
increasing V DS while the gate is 
shorted to the source (V G s = °) 


%s = 0 


If yC 


f 

1 

B 



7T 

/ 

-rs 


V DS 


(a) The drain current 
rises linearly with 
Vos unl ’ 1 significant 
channel narrowing 
causes it to level off 


, increasing V D s creates depletion region 
(b) IS narrow fhe channel width near the 
drain (point A) 


the source When V DS is increased point A f causi ng the tot, 

the channel becomes very narI0W consequence, the rise in cuirenti 

ca 5^uo e ** nS *° ^ eve ^ 

” hX by the curved portion of .he infigure «£> a value Jarg 

Figure 5-4(a) shows what happen wher“‘ ““ nt in the channel ne^ 
enough to cause the depletion region ^ he point where pinch-of 

the dr ain end This condition ^ by the value of V Di , | 

occurs, the gate-to-channel junction voltage V The pinch-off vo 1 

(the negative of) this value is on the doping -i 

age is an impor tant JFET par am , Quantity for an n-channel JF T 

geometry of the device. V p is a ways an p- ure 5_4(b) shows that the c 

and a positive quantity for a p-chann J remains at that value; 

lentreachesam^imumvacurrent ar. 

V DS is increased beyond 1^, n ™. Source current with the gate Shorted, 
is designated loss— the Dram pinch-off, note again that currei 

Despite the implication of th P xcee <j s \VJ The value I 

continues to flow th.o«^ the ^f S a e kTnd e of self-regulating j 
the current remains consta dss current when V DS exceeds \V p \: Su 
equilibrium process that contro increase- then there would \ 

pose that an increase m V DS did cans i p wou Jd expand the depleth 
in the channel an increased value Conversely,, 

regions further and reduce e depletion region would shrink aj 

“is m. *«»"*"•—H 

ally occurs: I D simply remains constant at I BSS . I 


FIGURE 5-4 The n-channel 
JFET at pinch-off 



v ds > 1 v p i 


bss\- 



fclGURE 5-5 Effects 
bf increasing V DS when 

V GS = -IV 


(a) When V DS equals or exceeds the 
pinch-off voltage I V p \» 
j _lodon rcainns meet in tne 


(b) The drain current remains at | 


Field-Effect Transistors 



A typical set of values for V p and I DSS are -4 V and 12 mA, respectively. 
Suppose we connect a JFET having those parameter values in the circuit 
shown in Figure 5-5(a). Note that the gate is no longer shorted to the source, 
but a voltage V GS = -IV is connected to reverse bias the gate-to-source junc¬ 
tions The reverse bias causes the depletion regions to penetrate the channel 
farther along the entire length of the channel than they did when V GS was 0. 
If we now begin to increase V DS above 0, we find that the current I D once more 
begins to increase linearly, as shown in Figure 5-5(b) Note that the slope of 
this line is not as steep as that of the V GS = 0 line because the total resist¬ 
ance of the narrower channel is greater than before As we continue to 
increase V DS , we find that the depletion regions again approach each other 
in the vicinity of the drain This further narrowing of the channel increases 
its resistance, and the current again begins to level off Because there is 
already a 1-V reverse bias between the gate and the channel, the pinch-off 
condition, where the depletion regions meet, is now reached at V DS = 3 V 
instead of 4 V (V DS = V GS - V p ). As shown in Figure 5-5(b), the current satu¬ 
rates at the lower value of 6,75 mA as V DS is increased beyond 3 V 

If the procedure we have just described is repeated with V GS set to -2 V 
instead of -IV, we find that pinch-off is reached at V DS = 2 V and that the 
current saturates at I D = 3 mA It is clear that increasing the reverse-biasing 
value of V GS (making V GS more negative) causes the pinch-off condition to 
occur at smaller values of V DS and that smaller saturation currents result, 
Figure 5-6 shows the family of characteristic curves, the drain characteristics , 
obtained when the procedure is performed for Vcs = 0, -1, -2, -3, and -4 V 
The dashed line, which is parabolic, joins the points on each curve where 
pinch-off occurs A value of V DS on the parabola is called a saturation voltage 
V D s{sat) At any value of V GS , the cor responding value of V DS(sat) is the difference 
between V GS and V p : V DS(sat) = V GS - V p , as we have already described, The 
equation of the parabola is 

to = (5-1) 

To illustrate, we have, in our example, V p = —4V and I DS s — 12 mA, so at V DS(sat) 
= 3 V we find 

I D = (12 mAj^j = 6 74 mA 

which is the saturation current at the V GS = -1 V line (see Figure 5-5(b)) 
Note in Figure 5-6 that the region to the right of the parabola is called the 
pinch-off region This is the region in which the JFET is normally operated 



(a) A reverse-biasing voltage V G s = - 1 V 
creates, along the length of the channel, 
a depletion region that is wider than 
when F G s = 0 V 


'D 



(b) As Vqs > s increased. Id increases 
linearly until pinch-off occurs at 
V D .S = 3 V 













when used foi small-signal amplification It is also called the active legion, o rU 
the saturation region The region to the left of the parabola is called the I 
voltage-controiled-resistance region, the ohmic region, or the triode region In 1 
this region, the resistance between drain and source is controlled by F GS , as 
we have previously discussed, and we can see that the lines become less steep j 
(implying larger resistance) as V GS becomes more negative The device acts 1 
like a voltage-controlled resistor in this region, and there are some practical ft 
applications that exploit this characteristic ■■ ■ J 

The line drawn along the horizontal axis in Figure 5-6 shows that I 
h - 0 when V GS = -4 V, regardless of the value of V DS When V GS reverse J 
biases the gate-to-source junction by an amount equal to V p , depletion ■; 
regions meet along the entire length of the channel and the drain current | 
is cut off Because the value of V GS at which the drain current is cut off 
is the same as V p , the pinch-off voltage is also called the gate-to-source j 
cutoff voltage Thus, there are two ways to determine the value of V p from 
a set of drain characteristics: It is the value of V DS where I D saturates when 
Vgs = and it is the value of V GS that causes all drain current to cease, 
i. e , V p — Vcsfcuto/o 

One property of a field-effect transistor that makes it especially valuable 
as a voltage amplifier is the very high input resistance at its gate Because the 
path from gate to source is a reverse-biased pn junction, the only current that | 
flows into the gate is the very small leakage current associated with a reverse- 
biased junction Therefore, very little current is drawn from a signal source | 
driving the gate, and the FET input looks like a very large resistance A dc | 
input resistance of several hundred megohms is not unusual Although the 
gate of an rc-channel .JFET can be driven slightly positive, this action causes \ 
the input junction to be foiward biased and radically decreases the gate-to- 
source resistance In most practical applications, the sudden and dramatic 
decrease in resistance when the gate is made positive would not be tolerable 
to a signal source driving a FEI 

Figure 5-7 shows the structure and drain characteristics of a typical 
p-channel JFET Since the channel is p material, current is due to hole flow, 
rather than electron flow, between drain and source Ihe gate material is, of 
course, n-type Note that all voltage polarities are opposite those in the 
n-channel JFET Figure £5—7(b) shows that positive values of V GS control the 
amount of saturation current in the pinch-off region 

Figure 5-8 shows the schematic symbols used to represent n-channel 
and p-channel JFETs Note that the arrowhead on the gate points into an 
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E 5-7 Structure 
racteristics of a 
el JFET 
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(a) The structure of a p -channel JFET 


v 

GS (cutoff) 

= +4V 


(b) Drain characteristics of a p-channel JFET. 
(Note that values of are negative and 
increase negatively to the right) 


f Vcs = -1 V _ ) 

§—t §—d I f 

is is is is 

(a) Equivalent symbols (b) Equivalent symbols F- -■ - -—► 

for an n-channel JFET for a p-channel JFET 

FIGURE 5-9 Breakdown chaiac- 

FIGURE 5-8 Schematic symbols for .JFETs teristics of an n-channel JFEI 


n-channel JFET and outward for a p-channel device The symbols showing 
the gate terminal off-center are used as a means of identifying the source: 
The source is the terminal drawn closest to the gate arrow Some JFEIs are 
manufactured so that the drain and source are interchangeable, and the 
symbols for these devices have the gate arrow drawn in the center.. 

Figure 5-9 shows the breakdown characteristics of an n-channel JFET.. 
Breakdown occurs at large values of V DS and is caused by the avalanche mech¬ 
anism described in connection with B JTs Note that the larger the magnitude 
of V GS , the smaller the value of F DS at which breakdown occurs 

Transfer Characteristics 

The transfer characteristic of a JFET is a plot of output current versus input 
voltage, for a fixed value of output voltage When the input to a ,JFET is the 
gate-to-source voltage and the output current is drain current (common- 
source configuration), the transfer characteristic can be derived from the 
drain characteristics, It is only necessary to construct a vertical line on the 
dr ain char acteristics (a line of constant Fe S ) and to note the value of I D at 
each intersection of the line with a line of constant V GS The values of I D can 
then be plotted against the values of V GS to construct the transfer character¬ 
istic Figure 5-10 illustrates the process 

In Figure 5-10, the transfer characteristic is shown for V DS = 8 V As can 
be seen in the figure, this choice of V DS means that all points are in the 
pinch-off region For example, the point of intersection of the Fes = 8 V 
line and the F GS = 0 V line occurs at I D = I DSS = 12 mA, At V DS = 8 V and 
F gs = -IV, we find I D = 6.75 mA Plotting these combinations of I D and V GS 
produces the parabolic transfer characteristic shown The nonlinear shape 

























FIGURE 5-4Q Construction 
of an n-channel transfer 
characteristic from the drain 
characteristics 


transfer 

ictcristic 


Note that equation 5-2 correctly predicts that/ D — I DSS when V GS - 0 and that 
I D = 0 when V GS = V p The transfer characteristic is often called the square- 
law characteristic of a JFET and is used in some interesting applications to 
produce outputs that are nonlinear functions of inputs 


An n-channel JFEI has a pinch-off voltage of —4 .5 V and f DSS — 9 mA 

1 At what value of V GS in the pinch-off region will I D equal 3 mA? 

2 What is the value of V DS(sat) when I D = 3 mA? 


1 We must solve equation 5-2 for V GS : 


(1 — Fcs/Vp) 2 = I pllpss 

1 — V GS IV p = Vfc 
V GS = V p (l ~ y/lp/Ip ss) 

4..5[1 - V(3 mA)/(9 mA)] = -1.9 V 


Field-Effect Transistors 


2 Equation 5-1 relates I D and V DS(sat) .. Solving for V DS(sat)> we find 

VdS{sm) = V(y p ) 2 / D /J DlSS = V(4.5) 2 (3 mA)/(9 mA) = 2 6 V 

Note that we use the positive square root, because V DS is positive for an 
n-channel JFET. For a p-channel JFET, we would use the negative root 
Ihe value of V DS{sat) could also have been determined from the fact that 
V DSfsat) = V GS -V D = -1,9 - (-4.5) = 2 6 V 


Use SPICE to obtain a plot of the transfer characteristic of an n-channel 
JFET having I DSS = 10 mA and V p = —2 V The characteristic should be plot¬ 
ted for F DiS = 10 V 

Solution 

Figure 5-11(a) shows a SPICE circuit that can be used to obtain the desired 
characteristic The value of BETA in the MODEL statement is found from 


+ V DD 

T® 



V p - -2 V 
I ncc = 10 mA 


EXAMPLE 5-2 
VGS 1 0 
J1 2 1 0 JFET 
VDD 2 0 10V 

MODEL JFET NJF BETA=2.5E-3 VT0=-2 
..DC VGS 0-2.1 
,. PROBE 
■ END 


Example 5-2 IDSS = 10 mA Vp = -2 0V 


ID(J1) 
12 mA h— 


10 mA 


8 mA 4 


6 mA + 


4mA t 


2mA + 


0mA h- 

-20V 



-15V 


-10V 

VGS 

(b) 


-0.5 V 


FIGURE 5-11 (Example 5-2) 

































EXAM* 


Equations 5-4 are the equations of the dc 


Q PoinfThTstT ^ Pl °r ° n 3 S6t ° f dlainc * laract ®*isticsto determine 
po?nHn a R rr, uque same as the one we used t0 determine the Q- 

LaxL at FWrT 38 CIICUlt 3d line inteISects the F ^- axis at V dd and the 


FIGURE 5-12 Fixed-bias circuits 
for n- and p-channel JFETs 
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FIGURE 5-14 (Example 5-3) 


SUBT 

•+16 V 
•2 kO 


K g e Je f M Knd C th C e Uit °* ^ V 3 haS the drain characteristics shown in 

and (2) F GS =-asy 9UleSCent values of h and V DS when (1) F GS = -15 V 


T = Mfivvn 1 ni _ o : ; OL VDD ~ v ana rne Vaxis at 

i D (16 V)/(2 kQ) - 8 mA It is plotted on Figure 5-14 

findrt, the intersectio 1 n of the load lina With V GS = -1.5 V (labeled QJ, we 
find the quiescent values / fl = 4mA and V DS * 8 V, 

2 The load line is, of course, the same as in part (1) Changing to -0 5 V 

“= V 6 S 8 !Sl Q an“ ^4 Y™' Q2 “ HgUre S ' 14 Hele We See that 


Like a bipolar transistor, a JFET used as an ac amplifier must be biased in 
older to create a dc output voltage around which ac variations can occur. 
When a JFET is connected in the common-source configuration, the input 
voltage is V GS and the output voltage is V DS Therefore, the bias circuit must 
set dc (quiescent) values for the drain-to-source voltage V DS and drain cur¬ 
rent I D Figure 5-12 shows one method that can be used to bias n-channel 
and p-channel JFETs 

Notice in Figure 5-12 that a dc supply voltage V DD is connected to supply 
drain current to the JFET through resistor R D and that another dc voltage is 
used to set the gate-to-source voltage V GS This biasing method is called fixed 
bias because the gate-to-source voltage is fixed by the constant voltage; 
applied across those terminals Writing Kirchhoff’s voltage law around the| 
output loops in Figure 5-12, we find 


V DS = V DD ~ IdR d (n-channel) 
V DS = -V DD + IdR d (p-channel) 


When using these equations, always substitute a positive value for V DD to 
ensure that the correct sign is obtained for V DS V DS should always turn out 
to be a positive quantity in an n-channel JFET and a negative quantity in 
a p-channel JFET For example, in an n-channel device where V DD is -I 15 V| 
from drain to ground, if I D = 10 mA, and R D = 1 kfl, we have V DS = 15 V - 
(10 mA)(l kH) = +5 V For a p-channel device where V DD is -15 V from 
drain to ground, V DS = -15 + (10 mA) X (1 kQ) = -5 V Equations 5-3 can 
be rewritten in the form 


I D = -(1 !R d )V ds + V dd IR d (n-channel) 
I D = (VRdWds + V dd /R d (p-channel) 


FIGURE 5-13 
(Example 5-3) 


(5-4) 


Solution 


Note that we stepYGS from 0 to - 2Vin 0 1 V increments The voltage source 
labeled VGS has its positive terminal connected to the gate of the FET, but! 
the stepped voltages should all be negative (Alternatively, we could reverse 
the polarity of VGS and step it thr ough positive voltages ) 

Figure 5-11(b) shows the plot produced by SPICE (Rotate it 180° to ob¬ 
tain the orientation shown in Figure 5-10 ) Note that I D = 10 mA = I DSS when; 
V GS = 0 and that I D ~0 when V GS = V p i 
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Part 2 of the preceding example illustrates an important result. Notetha9 
changing F cs to 0 5 V in the bias circuit of Figure 5-13 caused the Q*pSfl 
to move out of the pinch-off region and into the voltage-control]ed-resista GCe 1 
region As we have already mentioned, the Q-point must be located in th|f 
pinch-off region for normal amplifier operation To ensure that the Q-poiri^m 
in the pinch-off region, the quiescent value of V DS \ must be greater than\V p \~\yM I 
The pinch-off voltage for the device whose characteristics are given in Fig|Sl 
5-14 can be seen to be approximately — 4 V. Because |F GS | = 0.5 V and theq^J 
escent value of V DS at Q 2 is only 2 4 V, we do not satisfy the requiremerla 
|F DS | > \V p \ - IFqsI. Q 2 is therefore in the variable-resistance region. 

Of course, the quiescent value of I D can also be determined using the 1 
transfer characteristic of a JFET Because the transfer characteristic is a plop 
of I D versus V GS , it is only necessary to locate the F GS coordinate and read thei 
corresponding value of I D directly The value of V DS can then be determine® 
using equation 5-3 Although graphical techniques for locating the bias! 
point are instructive and provide insights into the way in which the circuit! 
variables affect each other, the quiescent values of I D and V DS can be calcu-1 
lated using a straightforward computation, if the values of V p and I DSS arej 
known The next example illustrates that the square-law characteristic ill 
used in this computation 


Given that the JFEI in Figure 5-13 has J DSS = 10 mA and V p = - 4V,compi 
the quiescent values of l D and V DS when V GS = - 1 5 V Assume that it is bias 
in the pinch-off region 

Solution 

From equation 5-2, 


= 39 mA 


Id = W1 ~ V GS /V p ) 2 = (10 mA) 1- 


From equation 5-3, V DS = V DD — IdR d — 16 — (3 9 mA)(2 kQ) = 8 2V These 
results are in close agreement with those obtained graphically in Example 
5-3. Note that it was necessary to assume that the JFET is biased in the| 
pinch-off region to justify the use of equation 5-2 If the computation had 
produced a value of V DS less than \V p \ - [F GS | = 2.5 V, we would have had to 
conclude that the device is not biased in pinch-off and would then have had 
to use another means to find the Q-point 


The values of I DSS and V p are likely to vary widely among JFETs of a given 
type. A variation of 50% is not unusual When the fixed-bias circuit is used to 
set a Q-point, a change in the parameter values of the JFET for which the cir¬ 
cuit was designed (caused, for example, by substitution of another JFET) can 
result in an intolerable shift in quiescent values Suppose, for example, that 
a JFET having parameters I DSS = 13 mA and V p = -4 3 V is substituted 
into the bias circuit of Example 5-3 (Figure 5-13), with V GS once again set to 
-1,5V Then 


= 5 51 mA 


I D = (13 mA) 1- 


V DS = 16—(5.51 mA)(2 kO) = 4.98 V 

These results show 7 that I D increases 41 3% over the value obtained in 
Example 5-3 and that V DS decreases 68 7% Note also that the value of 



Field-Effect Transistors 


5_15 Self-bias circuits 
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F DS (4.98 V) is now per ilously near the pinch-off voltage (4 .3 V). We conclude 
that the fixed-bias circuit does not provide good Q-point stability against 
changes in JFET parameters 

Figure 5-15 shows a bias circuit that provides improved stability and 
requires only a single supply voltage, This bias method is called self-bias 
because the voltage drop across R s due to the flow of quiescent current 
determines the quiescent value of V GS , We can understand this fact by re¬ 
alizing that the current I D in resistor R s creates the voltage V s = IdR s at the 
source terminal, with respect to ground For the n-channel JFET, this 
means that the source is positive with respect to the gate, because the gate 
is grounded In other words, the gate is negative (by IdR s volts) with re¬ 
spect to the source, as required for biasing an n-channel JFET: V GS = 
-Id^s For the p-channel device, the gate is positive by IdR s volts, with re¬ 
spect to the source: V GS = Ii^Rg, 

The equations 


V GS = ~I d R s (n-channel) 
F gs = IpRg (p-channel) 


(5-5) 

(5-6) 


describe straight lines when plotted on V GS -I D -axes (Verify these equa¬ 
tions by writing Kirchhoff’s voltage law around each gate-to-source loop in 
Figure 5-15 ) Each line is called the bias line for its respective type The 
quiescent value of I D in the self-bias circuit can be determined graphically 
by plotting the bias line on the same set of axes w 7 ith the transfer charac¬ 
teristic The intersection of the two locates the Q-point. In effect, we solve 
the bias-line equation and the square-law 7 equation simultaneously by find¬ 
ing the point where their graphs intersect The quiescent value of V DS can 
be found by summing voltages (writing Kirchhoff’s voltage law) around the 
output loops in Figure 5-15: 

V DS = Vdd - Id(Rd + (n-channel) ^ ^ 

Vds = -Vdd + Id( r d + Rs) (p-channel) 

The next example illustrates the graphical procedure 


The tr ansfer characteristic of the JFET in Figure 5-16 is given in Figure 5-17 
Determine the quiescent values of I D and V DS graphically. 


Because R s = 600 fl, the equation of the bias line is F GS = -600 I D It is clear 
that the bias line always passes through the origin (I D - 0 when F^c = 0), 























Genera! algebraic solution for the bias point of 


self-biased JFET gi rcuits 


EXAMPLE 54i 


FIGURE 5-17 (Example 6-5) 
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ExampkS-r $ § ^ ^ ^ biaS P ° int that was deter mined graphically i 
Solution 

«,iss i; 5 s: t;«■ ,na *■ - > s “ 

-SSSSKSSrS*" ' 10 ” 4 «*** 


= —6 4 x 10 3 


4 = ^ = (600) 2 = 36 X 10 S 

C = Vl = (—4) 2 = 16 

r -~B- VB^UC 
° 5 - 

~^(36lao 3 ) “ = 3 0 mA 

|Vz>sMl+ £ s ) = 15 V- 3 mA(l 5 kfl + 600 fl) = 8 7 V 
I F cs| - IdRs = (3 mA)(600 O) = 1 8 V 


= 30 mA 


FIGURE 5-16 
(Example 5-5) 


sr.^sr-'t itrswra 

U GS = -3, then 

_V„ -(-3 V) c . 

1d 600 n 600 n 

Thus, (-3 V, 5 mA) is another point ^"ndnotethere 

transfer characteristic shown' ;j uiescent drain current The corres- 

fondTngvalue ofts is seek to be approximately - 1 8 V The quiescent value 
of V D s is found from equation 5-7 

Unc = 15 V - (3 mA) [(1 5 kfl) + (0 6 kfl)] = 8 7 V_ 


General Algebraic Solution—Seif-Bias 

ssiiiiiisiilis 

the values of I DS s and v p as 1 1 ■ - f v , > ,y i _ \y j We must 

if the Q-point is ^Its'iHhe compu- 

therefoie assume that to be t , _ lV • i Equa-k 

tation reveals the sXlL for’lhe quiescent 

tions 5-8 give the ^“ ial f ““ biascircuit Because absolute values 
"in%hrco a mpu"atio n n^be equations aie valid for both p-channel 
and n-channel devices 
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Because the JFET is n-channel, V (;s = -18 V These results agre< 
well with those found in Example 5-5. Because jV^j = 8.7 V > l^a-ivyw 
4 V - 1 8 V = 2.2 V, we know the bias point is in the pinch-off region and th< 
results are valid 


To demonstrate that the self-bias method provides better stability than 
the fixed-bias method, let us compare the shift in the quiescent value of | n m 
that occurs using each method when the JFET parameters of the previous I 
example are changed to I DSS — 12 mA and V p = -4 5 V In each case, we will _] 
assume that the initial bias point (using a JFET with I DSS = 10 mA and 
V p = -4 V) is set so that I D = 3 mA and that a JFET having the new parame¬ 
ters is then substituted in the circuit. We have already seen that I D = 3 mA j 
when V GS = —1.8 V, so let us suppose that a fixed-bias circuit has V GS set to 
— 18 V When I DSS changes to 12 mA and V p to -4.5 V, with V GS fixed at -1..8V, 
we find that the new value of I D in the fixed-bias circuit is 

Id = Idss (l - = (12 X 10- 3 A)(l - £fj «= 4.32 mA i. 

This change in I D fr om 3 mA to 4 32 mA r epr esents a 44% increase . 

Suppose now that the JFET parameters in the self-bias circuit change by 
the same amount: I DSS = 12 mA and V p = — 4 5V Using equations 5-8, we find § 
I D - 3 46 mA In this case, the increase in I D is 15.3%, less than half that of j 
the fixed-bias design,. 

' ''Vofi 

5 4 THE JFET CURRENT SOURCE 

A JFET can be used to supply constant current to a variable load by con- | 
necting its gate directly to its source, as illustrated in Figure 5-18 Here, the : | 
resistor R D is regarded as the (variable) load resistance To be able to supply Jj 




FIGURE 5-18 JFEI constant- 
current sources 


* 1 * 


(a) n-channel JFET current source 



I FIGURE 5-20 
^dd I (Example 5—7) 


loss (j 


(b) />-channe! JFET current source 


FIGURE 5-19 A JFEI current 
source maintains an essentially 
constant current equal to I DSS 
in the pinch-off region If the 
characteristic were perfectly flat, 
then A I D would equal zer o and r d 
would be infinite 


Constant-current region 

V GS = 0 


a current that is independent of R D , the JFET must remain in its pinch-off 
region Recall that the condrtron for pinch-off is \V Ds i > \V p \ - |V GS |. Because 
V GS — 0 in this case, the condition reduces to 


\Vds\ > m 


(5-9) 


The constant current produced by the JFET is then I D = I DSS , because that is 
the drain current m the pinch-off region when V GS ~ 0 

So long as the JFET is in its pinch-off region, the line corresponding to 
F gs - 0 is essentially horizontal, meaning that the same current flows 
regardless of V DS , See Figure 5-19 In reality, the line rises slightly to the 
right so the current source is not perfect Of course, no current source is per- 
eCt i It* u FET CUrient source would be perfect if r d were infinite, which 

be th i G C f G lf lme were horizontal: = AVWA4 with A I D - 0 The 
JFET can aiso be used to supply a constant current equal to some value less 
than I DSS by biasing it appropriately 


The JFET shown in Figure 5-20 has V p = -4 V and I DSS - 14 mA. What is 

the maximum value of R L for which the circuit can be used as a constant- 
current source? 

Solution 

To keep the JFET operating in the pinch-off region, we require 


io ^ IVdsI > \Vp\ 

18 - (14 mA)i?, > 4 

-14 X lO' 3 ^ > -14 


Rt K TUTTiP = 1 ko 


Thus, R l must be less than 1 kO 


5-5 THE JFET AS AN ANALOG SWITCH 

An analog switch is an electr onically controlled device that will either pass 
or shut off a continuously varying analog-type signal Figure 5-21 
illustr ates the concept By way of contrast, a digital switch is one whose out- 
put swrtches between only two possible levels (low or high), such as the 
JT inverter we discussed in Chapter 4 As illustrated in Figure 5-21 the 
analog switch is “opened” or “closed” by a digital-type input, Depending 
on the nature of the device, a high input may close the switch and a low 
input may open it,. ? vice versa An analog switch is also called a digital 






















FIGURE 5-21 An analog switch 
connects or disconnects a variable 
(analog) signal, depending on the 
level of a digital input In the 
arrangement shown, the switch is in 
ser ies with the load Ri 


switch 


switch 

open 


closed 


analog signal 


analog signal 


, >no 
•L ^ output 


analog switch (DAS) because a digital input controls the switching of a i 

analog signal > - . ' JI 

A JFET can be used as an analog switch by connecting it as shown is 

Figure 5-22 Note that the analog signal (v d ) is connected to R D , where^ 
fixed supply voltage (V DD ) would normally be connected The digital signal 
that opens and closes the switch is the gate-to-source voltage Vcs- llB 
either 0 V, which causes the JFET to conduct, or V p , a negative voltage (f$ 
an n-channel JFE D that cuts the JFET off The output voltage of the swi§g 
v is the drain-to-source voltage, which will be either v d (when the JFE||| 
cut off) or close to 0 (when the JFET is conducting) Note that the swigg 
ing arrangement is somewhat different from that shown in Figure 5||S 
because the switch is now in parallel with the load resistance, R L W||||n 
switch is closed (JFET on), it effectively shorts out R L ; when the switgj| 
open (JFET cut off), the short is removed _ ; -f|B 

When used as an analog switch, the JFET is operated in its ||aB 
controlled-resistance region rather than in pinch-off As an aid in unde| 
standing how the JFET operates as a switch, refer to Figure 5-23, whi^ 
shows a portion of the drain characteristics for V GS = 0 and for v gs 'M 
Only the rising portion of the V GS = 0 curve in the 
controlled-resistance region is shown. The line corresponding to 
coincides with the hor izontal axis, because I D = 0 in this case. Ima#g 
the variation in v d creates a series of parallel load lines, each mt <g|||flj 
the V DS -axis at an instantaneous value of v d , just as a load line woirI,M 
tersect at V DD if a fixed drain supply voltage were present Thus, 

= v , the values of V DS are the same as the variations in v d This con “S|g 
corresponds to that shown in Figure 5-22(c) When V GS = 0, the oper||gg 
point moves to the V (;s = 0 curve and the output voltage (V DS ) isvery sjgj 
This corresponds to Figure 5-22(b) As long as V (;s remains at O.thew 
lions in I D and V ws are traced by a point that moves up and down the 


load lines having sioi 


FIGURE 5-23 Opeiation or 
as an analog switch can be vie? 
as a variation in V l)S ~ v<i 
horizontal axis (when Vos ~ J 
as a vaiiation along the Vcs 
when the IFF. I is conducting 


(JFET conducts) 


FIGURE 5-22 The JFE I as an analog switch Note that the switch is 
in parallel with R L 
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and «a be seen to be 

and approximates the short-circuit rond V ^ !?• therefore ve ‘Y small 
when the FET is “on” (conducting) d We dlscussed fol the case 

the region where^/is negative^nd ^ is”™ eXtendsint0 the third quadrant: 
ation when the analog signal v eoes^n na ? atlve Thls ls th e region of oper- 
channel reverses direction. The reversaloTpXi^ ** thr ° Ugh the 

junction to be forward biased b„t d Polity causes tfa e gate-to-source 
the slope of the 0 curTe is uLchan^d ** ° hannel Stance, so 

small so that operation takes nlare ^ t0tal v 3 ™ 1 * 00 in v t must be 
= 0 -,ve o P „ SZ^ofTe ££ ^ ° f ** 

ensure that the variation occurs alnnp L i ’ R ° be iarge enou §h to 
that is, the load line shouId not be ste^ " ^ P ° rtl ° n ° f the = 0 —e; 

region around J the odgin^Shed the ’'“'V 

f toss is 

switch has the advant^fthat f-7 when ^** IFET 


voltage^ (“when V^t ^7(2) when^f = 0 V?°° ^ *^° ad 

Solution 

1 a? is » *« 


v L = 


i 100 kQ 

1 ( 10 ° kn^+TioldT) 


(100 mV) = 90.9 mV 


2. When V GS 0, the circuit is equivalent to that shown in Figure 5-26. 
r l II R D(ON) = (100 kft) || (50 f l) « 50 Q 

Therefore, 

( 50 a \ 

1 \5o a^nxTkn/ m ^) = 0.497 mV 


100 mV 



100 mV 


^O(ON) 



l L 



FIGURE 5-25 (Example 5-8) 

The circuit equivalent to Figure 5-24 
when V cs = V p and the JFET is cut off 


FIGURE 5-26 (Example 5-8) The 
circuit equivalent to Figure 5-24 when 
gs 0 and the JFET is conducting 
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FIGURE 5-27 A chopper produces 
a series of pulses whose amplitudes 
follow the variations of an analog 
input signal 


njuuuL 




chopped 

output 


digital input 


FIGURE 5-28 The JFET v 

connected as a chopper Note that 
the switch is in series with the load 


analog^ 
input x-/ 


-TUT- 


Ji ire: j — , 

A chopper is an analog switch that is turned on and off at a rapid rate by 
a periodic sequence of pulses, such as a square wave It is used to convert 
a slowly varying signal into a series of pulses whose amplitudes vary 
slowly in the same way as the signal Figure 5-27 illustrates the concept 
A Chopper is an example of a modulator-in this case, a pulse-amplitude 

m0d R 1 gure 5-28 shows a JFET connected as a chopper In this variation, the 
analog switch is in series with the load resistor, R L , across which the chopped 
waveform is developed When the switch is closed (JFET on), current flows 
from the analog signal source and into R, When the switch is open (JFET cut 

off), no cur rent flows and the output voltage is 0 

Applying the voltage-divider rule to the circuit of Figuie 5-28 when the 

JFET is on, we find 

-*£-"in, (5-10) 


m = - - —- V d 

\R l + Rd(ON) + r s/ 

If R, is much greater than R D(0N) + then v £ is approximately the same as 
v d Thus, the amplitude of the output (pulse) follows the analog input during 
each interval when the JFET is conducting 

5-6 MANUFACTURERS' DATA SHEETS. . .. 

Figures 5-29 and 5-30 show typical data sheets for a series of n-channel 
JFETs: the 2N4220,2N4221, and 2N4222. Note in particular the specifica¬ 
tion foi the range of values of 1„ SS foi each device, as shown in Figure 5-29 
We see, for example, that W for the 2N4222 can range from 5 mA to 15 
mA The pinch-off voltage (designated V GSMW ) for the 2N4222 is seen 
have a maximum value of - 8 V Devices havrng small values of W wtil 
have smaller values of V GS(om Another important static characteristic 
shown in Figure 5-29 is I c ss, the gate reverse current, which is the gate: cur¬ 
rent when the gate-source junction is reverse biased, the normal mode of 
operation This current provides a measure of the dc input resistance 
of the device, from gate to source We see that the max.mum specified 
value for the magnitude of I css is 0 1 nA when V G s = -15 V and F ?s 
Thus, the minimum gate-to-soutce resistance under those conditions 
R = M 5 V)/(0 1 X 10' 9 A) - 150 X 10 9 il 

Figuie 5-30 shows typical “performance curves” for the 2N4220 senes 
of JFETs The curves ate also applicable to a number of similar J 



FIGURE 5-29 Manufacturer’s 
specifications for a series of n-channel 
JFEIs (Courtesy of Siliconix, Inc ) 
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See Section 4 
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ELECTRICAL CHARACTERISTICS (25°C unless otherwise noted) 
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produced by the manufacturer and show how wide a range of characteris¬ 
tics is possible. Note that two sets of output characteristics (drain charac¬ 
teristics) are shown, one representing a device having a small (=14 
mA) and another having a larger I DSS (= 4 2 mA), 

Two sets of transfer characteristics are also shown in the figure These 
s ow the range that can be expected in the characteristic among devices of 
the same type, as well as variations due to temperature The transfer char¬ 
acteristic in the center of the figure is applicable to the 2N4222 JFET At 
25°C we see that any given 2N4222 could have a value V p between about 
Z V and 5 V An interesting temperature phenomenon of JFETs is 
\ e Z e n le< \ by t ? eSe characteiis tics Note that the (maximum) value of I DSS at 
C 1S less than the value at -40°C, but greater than the value at 85°C 
Although it is difficult to see in the figure, this result is accounted for by 
the fact that the three temperature curves intersect and cross through each 
other near the V p end of the characteristics, For the 2N4222, this poirt can 
be seen to occur at about F GS = -4.5 V Thus, the 2N4222 characteristics have 
zero temperature coefficient when the bias point is set at (about) -4.5 V. For 

every JFET, there is a value of V GS near V p that results in a zero tempera¬ 
ture coefficient, 
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FIGURE 5-30 Typical 
manufacturer’s performance curves 
for n-channel JFEIs (Cour tesy of 
Siliconix, Inc) 
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The metal-oxide-semiconductor FET (MOSFET) is similar in many resp 
to its JFET counterpart, in that both have drain, gate, and source tern 
and both are devices whose channel conductivity is controlled by a gat 
source voltage The principal feature that distinguishes a MOSFET frc 
JFET is the fact that the gate terminal in a MOSFET is insulated (rot 
channel region For this reason, a MOSFET is often called an insulate ^| 
FET, or IGFET 


In the n-channel enhancement-type MOSFET, a p-type substrate exte 
the way to an insulating Si0 2 layer adjacent to a metallic gate Thissti 
is shown in Figure 5-31 

Figure 5-32 shows the normal electrical connections between 
gate, and source; the substrate is usually connected to the source, 
that V (;s is connected so that the gate is positive with respect to the 
The positive gate voltage attracts electrons from the substrate 
region along the insulating layer opposite the gate If the gate is 
sufficiently positive, enough electrons will be drawn into that re 


n+l p 

H induced 
i'N channel 


FIGURE 5 -31 Enhancement- 
type MOSFEI 


FIGURE 5-32 Ihe positive V GS induces 
an n-type channel in the substrate of an 
enhancement MOSFEI 


convert it to n-type material Thus, an n-type channel will be formed be¬ 
tween drain and source The p material is said to have been inverted to form 
an n-type channel If the gate is made still more positive, more electrons 
will be dr awn into the r egion and the channel will widen, making it more 
conductive In other words, making V GS more positive enhances the con¬ 
ductivity of the channel and increases the flow of current from drain to 
source Since electrons are induced into the channel to convert it to n-type 
material, the MOSFET shown in Figures 5-31 and 5-324s often called an 
induced n-channel enhancement-type MOSFET When this device is 
referred to simply as an n-channel enhancement MOSFET, it is understood 
that the n channel exists only when it is induced from the p substrate by 
a positive U GS . 

The induced n channel in Figure 5-32 does not become sufficiently con¬ 
ductive to allow drain current to flow until V GS reaches a certain threshold 
voltage, V-p In modern silicon MOSFETs, the value of V 7 is typically in the 
range from 1 to 3 V. Suppose that V 2 = 2 V and that V GS is set to some value 
greater than V T , say, 10 V We will consider what happens when the drain-to- 
source voltage is gradually increased above 0 Y As V DS increases, the drain 
current increases because of normal Ohm’s law action The current rises 
linearly with V DS , as shown in Figure 5-33 As V DS continues to increase, we 
find that the channel becomes narrower at the drain end, as illustrated in 
Figure 5-32 This narrowing occurs because the gate-to-drain voltage becomes 
smaller when V DS becomes larger, thus reducing the positive field at the drain 
end For example, if V GS = 10 V and V DS = 3 V, then V GD = 10 - 3 = 7 V When 
V DS is increased to 4 V, V GD = 10 - 4 = 6 V The positive gate-to-drain voltage 
decreases by the same amount that V DS increases, so the electric field at the 
drain end is reduced and the channel is narrowed As a consequence, the 
resistance of the channel begins to increase, and the drain current begins to 
level off This leveling off can be seen in the curve of Figure 5-33 When V DS 


FIGURE 5-33 Ihe drain current 
in an n-channel enhancement 
MOSFET increases with V DS until 
Vds = V GS - V T (= 10 - 2 = 8V 
in this example) 


I'™ = 10 V 
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FIGURE 5-34 Drain characteristic, of an induced n-channei enhancement 
MOSFEI. Note that all values of V GS are positive 
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Figure 5-34 shows a set of ^ — 
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itive in the case of the enhancement MOSFET, The enhancement MOSFET 
can be operated only in an enhancement mode, unlike the depletion 
MOSFET, which can be operated in both depletion and enhancement 
modes.. The dashed, parabolic line shown on the characteristics in 
Figure 5-34 joins the saturation voltages, i e , those satisfying equation 
5-11, As in JFET characteristics, the region to the left of the parabola is 
called the voltage-con.troiled-resistance region where the drain-to-source re¬ 
sistance changes with F GS . We will refer to the region to the right of the 
parabola as the active region The device is normally operated in the active 
region for small-signal amplification 

Figure 5-35(a) shows the structure of a p-channel enhancement MOS¬ 
FET and its electrical connections Note that the substrate is rc-type ma¬ 
terial and that a p-type channel is induced by a negative F GS The field 
produced by V GS drives elections away from the region near the insulating 
layer and inverts it to p material Figure 5-35(b) shows a typical set of 
drain characteristics for the p-channel enhancement MOSFET Note that 
all values of F GS are negative and that the threshold voltage F T is negative, 
n-channel and p-channel MOSFETs are often called NMOS and PMOS de¬ 
vices for short 

Figure 5-36 shows the schematic symbols typically used to represent 
n-channel and p-channel enhancement MOSFETs Symbols I (a) and (b) ar e 
typically used when the bulk substrate (B) connection needs to be shown 
The broken line symbolizes the fact that the channel is induced rather than 
being an inherent part of the structure. The broken-line symbol is not 
always used and is replaced with a solid line Symbols II (a) and (b) are 
typically used when the source and bulk connections are shorted together, 
V SB ~ 0 Both sets of symbols are commonly used when preparing schemat¬ 
ics that contain MOSFETs 


FIGURE 5-35 Die induced 
p-channel enhancement 
MOSFET 



FIGURE 5-36 Symbols for 
enhancement-type MOSFEIs 
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FIGURE 5-37 Transfer characteristic for an 
enhancement NMOS FET (3 = 0 5 X 10 3 ; V T - 


Enhancement MOSFET Transfer Characteristic 

In the active region, the drain current and gate-to-source voltage a 
related by 

I D = 0 5p(F GS - Vjf V GS ^ V 7 (^|| 

where (3 is a constant whose value depends on the geometry of the devic 
among other factors A typical value of (3 is 0 5 X 10 - 3 AA^ 2 Figure 5-37 sho, 
a plot of the transfer characteristic of an n-channel enhancement MOSM 
for which [3 = 0 5 X 10 3 A/V 2 and V 7 = 2 V 


Enhancement MOSFET Bias Circuits 

Enhancement MOSFETs are widely used in digital integrated circuits (an 
require no bias circuitry in those applications) They also find applications? 
discrete- and integrated-circuit small-signal amplifiers Figure 5-38, shov 
one way to bias a discrete enhancement NMOS for such an application. W 
resistor R s does not provide self-bias as it does in the JFET circuit Self-W* 
is not possible with enhancement devices In Figure 5-38 the resistor Rs 
used to provide feedback for bias stabilization, in the same way that the emi 
ter r esistor does in a B JT bias cir cuit The lar ger the value of R s , the less se) 
sitive the bias point is to changes in MOSFET parameters caused ^ 
temperature changes or by device replacement Recall that R s in a JFET se 
bias circuit also provides this beneficial effect 

Figure 5-39 shows the voltage drops in the enhancement MOSFET % 
circuit R 7 and R 2 form a voltage divider that determines the gate-to-grouC 

voltage V G : 


FIGURE 5-38 A bias 
circuit for an enhancement 
MOSFET 
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FIGURE 5-39 Voltage drops in the 
enhancement NMOS bias circuit 


i + rs 


+ R 2 


(5-13) 


The voltage divider is not loaded by the very large input resistance of the 
MOSFET, so the values of and R 2 are usually made very large to keep the 
ac input resistance of the stage large.. Writing Kirchhoffs voltage law around 
the gate-to-source loop, we find 


Vgs - Eg — Irfcs 


(NMOS) 


(5-14) 


For a PMOS device, V c and V GS are negative, so equation 5-14 would be written 


V cs = V G + IdRs 


(PMOS) 


(H 5) 


(Note that I D is considered positive in both equations ) Writing Kirchhoff s 
voltage law around the drain-to-source loop, we find 


V DS = Vdd ~ URd + Rs) (NMOS) 


(5-16) 


Again regarding J D as positive in both the NMOS and PMOS devices, the 
counterpart of equation 5-16 for a PMOS device is 

Vp S = ~\V DD \ + URd + Rs) (PMOS) 

is negative in a PMOS circuit; note that the absolute value of V DD must be 
used in equation 5-17 to obtain the correct sign for Fps.. 

Equation 5-14 can be rewritten in the form 


I D = - (1 IR s )V gs + VcIRs 


(5-18) 


Equation 5-18 is seen to be the equation of a straight line on the I D V os'^ 
It intercepts the I D -axis at VJR S and the Vcs-axis at V p The line can be plot ed 
on the same set of axes as the transfer characteristics of the device, and the 
point of intersection locates the bias values of Ip anc ^ Vgs 


We can obtain general algebraic expressions for the bias points in PMOS and 
NMOS circuits by solving equation 5-12 simultaneously with equation 5-14 
or 5-15 for I D The results are shown as equation 5-19 and are valid for both 

NMOS and PMOS devices, 
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The transfei characteristic of the NMOS FET in Figure 5-40 is given in 
Figure 5-41 ([} = 0 5 x 10" 3 and V, = 2 V) Determrne values of F GS , I D , and 
V DS at the bias point (1) graphically and (2) algebraically 


+18 V 


Solution 

1 Fr om equation 5-13 


2 2 kfl 


4.7 Mfl 


18 V = 5.74 V 


VQ ~ ^47 x 10 6 + 22 X 10 6 
Substituting in equation 5-18, we have 

I D = -2 x 10' 3 F CS + 11.48 X10 " 3 

This equation intersects the fp-axis at 11 48 mA and the V os -axis at 
y, - 5 74 V It is shown plotted with the transfer chai actensti 
Figure 5-41 The two plots intersect at the quiescent point, where the 
values of J D and V cs are approximately f n - 20 mA and Vqs 40 V ] 
corresponding quiescent value of V DS is found from equation 5-16: 

V DS - 18 - (2 0 mA)[(2 2 kll) + (0 5 kl!)l - 12 60 V 

In order /or this analysts to be valid, the Q-point must be in the saturation 
region: that is, we must have V us > V cs ' v i ' n 0UI examp c > we av 


2.2 MO 


;soon 


FIGURE 5-40 
(Example 5-9). 



48 mA 


j+J-48-x Hf 


i2Si®a*sjss : 


Use SPICE to find I D , V DS and V GS for the figure shown, 


Solution 


he SPICE circuit and input data file are shown in Figure 5-42(a) Note tha 
the parameter V T is entered in the MODEL statement as VrO - 2 and that I 
is entered as KP - 0..5E-3 (see Section A-12). All other parameter values an 


Field-Effect Transistors 


act: _U + 

FIGURE 5-41 (Example 5-9) 

V °lZ 12 60V and Vgs ~ V i = 2 6 V, so we know the results are valid The 
validity cnterio 11 can be expressed for both NMOS and PMOS FETs as 
I V DS\ > |U GS - Vj\.. 

2 We have already found V c = 5.74 V. Using R s = 500 O, R D = 2.2 kfl, 
Suations 5-19 = 2 V ' and ^ = 0 5 X 10_3 > we have, with reference to 

A = (500) 2 = 2 5 x 10 s 

B = -2[(5.74-2)500 + 1/(0 5 X 10~ 3 )] = -7.74 X 10 3 

C = (574—2) 2 = 13.9876 

Substituting these values into the equation for I D , we find I D = 1 927 mA 
Then, V DS ~ 18 V - (1 927 mA)(2 2 kO + 500 O) = 12 8 V and E r c = 

obtain d ^ 92 h m t? (50 ° ^ = 4 78 V TheSe results a § ree wel1 with those 
obtained graphically m part 1 
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FIGURE 5-42 (Example 5-10) 


EXAMPLE 5-10 
Ml 3 1 2 2 MOSFET 

.MODEL MOSFET NMOS VIO=2 KP=0 5E-3 
R1 5 147MEG 
R2 1 0 2.2MEG 
RS 2 0 500 
VIDS 4 3 
RD 5 4 2 2K 
VDD5 0 18V 
END 


R1 

4 7MEG 


R2 

22MEG 


EXAMPLE 5-10 

**** DC TRANSFER CURVES TEMPERATURE = 27.000 DEG C 

******************************************************************* 
VDD I(VIDS) V(3,2) V{1,2) 

1.800E+01 1 926E-03 1 ..280E+01 4 776E+00 


allowed to default The results of the analysis are shown in Figure 5-42(b) We 
see that I D = I(VIDS) = 1 926 mA, V DS = V(3, 2) = 12 8 V and V GS = V(l, 2) =| 
4 776 V, in good agreement with the previous example 


By far the greatest number of MOSFETs manufactured today are in mt&(| | 
grated circuits The enhancement-type MOSFEI' has a very simple structure 
(Figure 5-31) that makes its fabrication in a crystal substrate a straightfor-jj 
ward and economical procedure Furthermore, a very great number of devices j 
can be fabricated in a single chip. Enhancement MOSFETs account for the , 
vast majority of very large scale integrated (VLSI) circuits manufactured, and | 
they are the primary ingredients of digital ICs such as microprocessors and ; 

computer memories.. . 

The fabrication of integrated-circuit MOSFETs is accomplished using^ 
photolithographic techniques and batch production methods Because mil- ; 
lions of components may be fabricated in a single VLSI chip, the techniques J 
we described for producing very fine masks and for direct writing of patterns j 
using election beams are particularly appropriate to VLSI technology Ion | 
implantation, which allows close control of impurity concentration and layer 
depth, is widely used to control the values of threshold voltages and other j 
MOSFET characteristics 

Figure 5-43 shows cross-sectional views of PMOS and NMOS Fbts j?. 
embedded in crystal substrates, Note that a layer of polycrystalline silicon is J 
deposited over the gate of an NMOS device to form the gate terminal This j 
layer improves device performance but adds to the complexity of the manh jj 
facturing procedure. PMOS devices are less expensive to produce but do *§§» 
perform as well as NMOS circuits, primarily because the mobility of the :| 
majority carriers (holes) in p material is smaller than that of the majority | 
carriers (electrons) in n material NMOS circuits are generally preferred an. | 
can be produced with the greatest number of components per chip for a § 1V |» 
performance capability tUt 



FIGURE 5-43 Cross-secti 
views of integrated-circuit 
MOSFETs 


n substrate 


PMOS transistor 


polycrystalline silicon 


P_ substrate' 


NMOS transistor 


has both PMOS and NMOS devfces embedded “f, enhaneement ^MOSFETs 
cncuits aie called complementaru Mns Same substrat e. These 

difficult to constructXn eTtheT PMOS " N «°nc dlCUitS rhey aie 

the best performance characteristics^^? u S CUCuits > but ^ey have 

We will discuss applications of fMns ? 1Iy \ n tetn is of switching speed 

shows a ctoss.sec^„ar v L 0 fTcMOS UltIy “ Chapter 18 U 
and one NMOS transistor Note that it C11CUlt contamin § one PMOS 

the n substiate for the NMOS transistor ThT*? ap ‘ typela y e t in 
tub” or “p-well,” is necessary for th e for m ^ P ] ayer ’. frequently call ed a 
the NMOS transistor. Also note then*!nTfZ " Channel of 

sisters The CMOS structure is made with a r ®^ onsu f ed to isolate the Iran- 
«ode The more complex structure of a CMOS 


VMOS Transistors 

VMOS, which „ „ 

derived from the appearance of tC c 1 ^“ 7 *“ M0SFETs is 

it can be seen that a V-shaped groove uen^r T™ (FlgUre 5_4S) ’ “ which 

reality, the device is formed in a crater shaped PlT aIt ? rnate " and P layers, (In 
be seen in the n-channel VMOS ttansistor P shn Ukean ^ 1Veitedpyramid > Asca n 
the induced „ channel is determined hy 


//-channel 


//-channel 


FIGURE 5-45 VMOS structure. Note that 
he length of the channel depends on the 
thickness of the diffused p layer 


FIGURE 5-44 Complementary MOS (CMOS 1 
circuit containing both NMOS and PMOS devices 
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are formed using epitaxial growth and diffusion methods, which provide good 
control over thickness and therefore good control of channel length Since the 
aspect ratio of the channel determines some important properties of the FET, } 
this control is a valuable feature of the method Also, the technique conserves f 
space on the chip surface because the channel can be made longer simply by 
making the p region thicker As a result, a greater number of devices can be 
created in one chip using conventional photolithographic methods Finally, 
VMOS transistors have greater current-handling capabilities than their planar 
counterparts and are finding use in power-amplifier applications 


DMOS is an FET structure created specifically lor high-power applications. 
It is a planar transistoi whose name is derived from the double-diffusion 
process used to construct it Figure 5-46(a) shows a cross-sectional view. 
Note that drain-to-source current flows through a p-type channel region 
(that is inverted by a positive gate-to-source voltage), an n~ (lightly doped) 
epitaxial region, and n + substrate The channel length can be closely con¬ 
trolled in the diffusion process and is typically very short (a few microme¬ 
ters). For this reason, it is called a short-channel MOS transistor. DMOS 
transistors are widely used for switching heavy currents and high voltages 
and switching regulators 

The DMOS transistor has a parasitic diode between its drain and source. A 
parasitic component of a semiconductor device is one that exists as a result of 
the structure of the device rather than by design In other words, the parasitic 
diode in a DMOS transistor is inherent in its structure of p and n layers: Its 
existence is inevitable In Figure 5-46(a), the n + source and the p channel 
(called the body ) form an electrical bond rather than a pn junction The parasitic 
diode is the pn junction between the body and drain Because the body is 
electrically connected to the source, the parasitic diode is effectively con¬ 
nected across the drain and source terminals, with the anode connected to 


FIGURE 5-46 The DMOS 
transistor 
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(a) Cross-sectional view 


B _ 1 i , parasitic 

i-*-— SS ^ diode 


(b) Schematic symbol 
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source and the cathode connected to drain The schematic symbol for the 
DMOS transistor often includes the parasitic diode, as shown in Figure 5-46(b).. 

One property shared by short-channel power FETs is that they have a 
linear transfer characteristic That is, when the gate-to-source voltage is 
greater than the threshold voltage, the drain current is a linear function of the 
gate-to-source voltage rather than the nonlinear function illustrated in Figure 
5-37 The linear transfer characteristic of short-channel devices is the result 
of a phenomenon called velocity saturation , whereby the velocity of charge 
carriers reaches but does not exceed a certain value as drain-to-source current 
increases 


This section examines the use of EWB to simulate a JFET transistor switch 
The JFET can be used as an analog switch as described in Section 5-5, To 
begin the exercise, open the file Ch5-EWB msm that is found in the Elec¬ 
tronics Workbench Multisim 2001 CD-ROM packaged with the text. The 
circuit being demonstrated is shown in Figure 5-47 This is a JFEI chopper 
circuit Q1 is an ideal JFET transistor being driven by the function generator 
(XFG1) The resistor R1 is simulating the load, the input signal is a 2 V p . p 
1000 Hz signal The EWB oscilloscopes have been connected to monitor the 
input signal (XSC2), the function generator input signal, and the circuit out¬ 
put (XSC1).. 

This application will demonstrate the operation of a JFEI chopper. 
The JFET transistor will be set up to switch from the cutoff region 
(V G s = V P = -2 V) to the pinch-off region {V GS = 0) The EWB Multisim 
ideal transistor will be used The model parameters for the JFEI tran¬ 
sistor can be viewed by double-clicking on the JFEI. This opens the 
menu shown in Figure 5-48 

Click on Edit Model to view the model parameters used by EWB Multi¬ 
sim This opens the list shown in Figure 5-49 Notice that YTO = -2 This is 
the setting for the pinch-off voltage for the transistor 

Double-click on the function generator (XFG1) to set the signal levels to 
those shown in Figure 5-50 The function generator is set to produce a square- 
wave with a sample frequency of 50 Hz The offset voltage is set to —2 V and 
the amplitude is 2 V The function generator will produce a square-wave that 


FIGURE 5-47 Ihe JFEI 
chopper circuit used in the 
EWB exercise 
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This Chapter*has presented the basics of the FET transistor Students sh0| 
have mastered these concepts and skills: 

m Basic circuit analysis techniques 

s JFET transistor circuit analysis to identify the cutoff, pinch-off, at 

voltage-contioiled-resistance of operation 
m Using the JFET tiansistor as an analog switch 
m How to bias a discrete MOSFET transistor 


SECTION 5-2 

Junction Field-Effect Transistors 

5 - 1 , An rc-channel JFET has the drain char¬ 
acteristics shown in Figure 5-6, Find 
the approximate dc resistance between 
drain and source when V DS = 1 V and 
(a) Vgs = 0 V, (b) F GS = -1 V, and (c) 
V GS = -2 V. Explain why these results 
confirm that these points lie in the 

voltage-controiled-resistance region of 
the characteristics 

5 _ 2 „ An n-channel JFET has I DS s ~ 16 ant ^ 


(b) What is the saturation current 
Vcs = -4 V? 

A p channel JFET has a pinch-off volt; 
of 8 V At what value of V G s ® 

^DS(sat) ~ 

Using the transfer characteristic showj 
Figure 5-10, find approximate val 
for (a) I D when V DS = 8 Y and V GS = 
and (b) F GS when F ns = 8 V and J D = 101 
Using the transfer characteristic sh< 
in Figure 5-10, find the total change 


(a) What is the value of V DS(sat) when 

Tf _ < xro 
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from -18 V to -0 8 V What do these 
results tell you about the linearity of the 
device? 

An n-channel JFET has a pinch-off voltage 
of -5 8 V and I DSS = 15 mA Assuming that 
it is operated in its pinch-off region, find 
the value of I D when (a) V cs = 0 V, (b) V GS = 
-2 V, and (c) V GS - -65V 

An n-channel JFET having a pinch-off 
voltage of -3 5 V has a saturation current 
of 2 3 mA when F GS = -IV What is its 
saturation current when (a) V GS = OVand 
(b) Vcs = -2 V? 

A p-channel JFET has a pinch-off volt¬ 
age of 6 V and I DSS = 18 mA At what 
value of V GS in the pinch-off region 
will Ij^ equal 6 mA? What is the value 
of V DS at the boundary of the pinch- 
off and voltage-contr oiled-resistance 
regions when I D = 6 mA? 


SECTION 5-3 
JFET Biasing 

5-9. The JFET in the circuit of Figure 5-53 
has the drain characteristics shown in 
jjj| Figure 5-14 Find the quiescent values of' 
I D and V DS when (a) F GS = -2 V and (b) 
||g? V GS = 0 V. Which, if either, of the Q-points 
is in the pinch-off region? 

IpO. Using Figure 5-14, determine the value 
of F GS in Exercise 5-9 that would be 
Jjjjg required to obtain V DS = 8 V 

JjJ 11 * The JFET shown in Figure 5-^54 has 
Toss = 14 mA and V p = — 5 V Algebraically 
deter mine the quiescent values of I D and 
V DS for (a) F gs = -3,6 V, fb) V GS = -3 V, 

and (c) F GS -17V In each case, check 

the validity of your results by verifying 
|F Aat the quiescent point is in the pinch- 

jl| off region Identify any cases that do not 

jjjlf meet that criterion and for which the 
Ufa ■ results are therefore not valid. 


FIGURE 5-55 (Exercise 5-13) 


5-12„ Repeat Exercise 5-11 when R D is 
changed to 1 kfl Does this modification 
affect the validity of the results in any of 
the three cases (a), (b), or (c)? Explain., 

5-13,. Figure 5-56 shows the transfer character¬ 
istics of the JFET in the circuit of Figure 
5—55 Graphically determine the quiescent 
values of I D and Vqs Compute the quies¬ 
cent value of V DS based on your r esults and 
verify their validity 

5-14. Algebraically determine the quiescent 
values of I D , F GS , and V DS in the circuit of 
Exercise 5-13 (Refer to Figure 5-56 to 
obtain values for I DSS and V p ) 

5-15„ Figure 5-58 shows the transfer charac¬ 
teristic for the JFET in the circuit of 
Figure 5-57, 

(a) Graphically determine the quies¬ 
cent values of I D and F GS , Compute 
the quiescent value of V DS based on 
your results and ver ify their validity,. 

(b) Determine the quiescent values of 
Id> F gs , and V DS algebraically 


+ 12 v 


SECTION 5-4 

The JFET Current Source 

5-16.. The JFET shown in Figure 5-59 has 
~ “5 V and I DSS = 12 mA, What is the 
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FIGURE 5-57 (Exercise 5-15) 


FIGURE 5-58 (Exercise 5-15) 


+20 V 


is 80 a If v d = 0..16’N 
age v L (a) when Vgs 


JFET in Figure 5-65 
= 100 a and V p = 4 V If v* = 0. 
wr ite the expr ession for v L (a) v 
4 V and (b) when V^s = 0 V 

shown in Figure 
ON when high 


The square wave 
turns the chopper 
OFF when low If it has frequency 1 1 
sketch v L over a time period of 3 
Assume that Rp(oN) f° r ^ * s 

The JFET shown in Figure 5-65 
R mm = 40 a If the output voltage 
be no less than 90% of the signal vol 
when the JFET is ON, what is the r 
mum permissible value of R L ? 


SECTION 5-5 

The JFET as an Analog Switch 

5-19. The drain-to-source res 
the JFET in Figure 5-62 
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FIGURE 5-60 (Exercise 5-17) 
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FIGURE 5-61 (Exercise 5-18) 
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FIGURE 5-62 (Exercise 5-19) 

SECTION 5-6 

Manufacturers’Data Sheets 

-23. By referring to the manufacturer’s dt 
sheets for the 2N4220-2N4222 ser: 
of JFETs and assuming that T = 25 c 
determine the following: 

(a) What is the maximum permissit 
drain current in each device? 

(b) What is the maximum pinch-off vo 
age for 2N4221 transistors? 

(c) What is the maximum permissib 
value of V GS for each device? 

(d) For which device is the variation 
possible values of I DSS the greate 
(in terms of the ratio of maximum i 
minimum values) ? 

Refer to the manufacturer’s data sheet i 
Figure 5—30 to determine the following: 




•24,. 



FIGURE 5-63 (Exercise 5-20) 
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FIGURE 5-64 (Exercise 5-21) 
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FIGURE 5-65 (Exercise 5-22) 


(a) Locate the transfer characteristic 
that shows the maximum value of 
I DS $ to be 12 mA at 40°C What is 
the approximate value of V GS at the 
point of zero temperature coeffi¬ 
cient? What is the approximate max¬ 
imum value of I DSS at 25°C? 

(b) Locate the drain characteristics for 
which I DSS is approximately 14 mA 
What is the approximate dc resist¬ 
ance between drain and source 
when V DS = 0.5 V and V GS = 0 V? At 
what value of V DS will I D = 1 2 mA 
when V GS = -0 IV? 


SECTION 5-7 

Metal-Oxide-Semiconductor FETs 

5-25,. An induced n-channel enhancement 
MOSFET has the drain characteristics 
shown in Figure 5-34 At what value of 
V DS would a curve corresponding to 
V GS = 7. 35 V intersect the parabola? 

5-26.. The induced n-channel enhancement 
MOSFET whose drain characteristics 
are shown in Figure 5-34 is to be oper¬ 
ated in its active region with a drain 













680 kO 


'5-36. Verify the answers to Example 5-3 using 
SPICE analysis BETA - 62SE 3,VTO - 
-4 for Vrs = -15V. Why do the answers 
in Example 5-3 differ from the SPICE 
results? 

5.-37. Use SPICE to simulate the JFET chopper 
circuit shown in Figure 5-28,. Use a 1-V 
p-p 1-kHz sinusoid for the input, a source 
resistance of 600 ft, and a gate pulse of 
0 to -5 V with a pulse width of 100 ps and 
a period of 200 ps. The BETA of the tran¬ 
sistor is 7 5 E-4 andVTO - 4. 


SPICE EXERCISES 


VS 5 0 SIN(0 5 1kHz) 

RS 5 2 600 . 

VG 3 0 PULSE(0 -5 0 IPS lps 100ps 200ps) 

MODEL NFET NJF BETA = 7. 5E-4 VTO- 4 


Provide a plot of the input sinusoid, the gate 
pulse, and the output waveform What is the 
output waveform called? 


FIGURE 5-66 Exercise 5-32 


SECTION 5-8 

Integrated-Circuit MOSFETs 
5-33. What does CMOS stand for? Why is it so 
named? 


-18V 


SECTION 5-9 

VMOS and DMOS Transistors 


5-27.. 

5-28, 

5-29. 


current of 10.4 mA. What value should 
V DS exceed? 

An enhancement NMOS FET has [3 = 0 5 X 
10" 3 and Vj = 2.5 V Find the value of I D 
when (a) Vos = 6.14 V, and (b) V® - 0 V 

An enhancement PMOS FET has (3 = 0 5 
X IQ" 3 and V T = -2 V What is the value 
of V GS when I D = 10 32 mA? 

An enhancement NMOS FET has 
the transfer characteristic shown m 
Figur e 5-37, 


5..30, In the bias circuit of Figure 5-30 R, - 
2 2mn,R 2 = lmaV DD = 28V R D = 27kn, 

and R s = 600 Cl If V ss = 5.5 V, find (a) I D 
and (b) Vos 

5-31. In the bias circuit of Figure 5-38, == 

k o Vnn = 20 V, R d = 15 kft, R s ~ 220 Si, 
I D = 6 mA, and V GS = 6 V Find (a) Vi* and 

(b) R 2 

5-32. The MOSFET in Figure 5-66 has (3 - 0,62 
X 10- 3 and V T = -2 4 V AlgebraicaUy 
deter mine the quiescent values of I D , Vgs, 
and V DS . Verify the validity of your results 


List and briefly describe three advan 
tages of VMOS technology 
What process is used to construct DMOS 
transistors? W r hat is theii primary appli¬ 
cation? What characteristics make them 
different from conventional MOSFETs. 


(a) Graphically determine Vcs when 
I D = 6 4 mA, 


(b) Algebraically determine Ves when 
I D = 6 4 mA. 


5-34. 


5-35. 
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